Liraglutide, a human glucagon-like peptide (GLP1) analog that partially inhibits dipeptidyl-peptidase 4 (DPP4), can decrease glucose levels and suppress appetite in patients with type 2 diabetes (T2DM). GLP1 and its receptor (GLP1R) also exist in the taste buds of rodents and regulate taste sensitivity. DPP4, a protease, functions in homeostasis of blood glucose, lipids, and body weight. Interactions among GLP1, GLP1R, and DPP4 likely affect taste and food-intake behavior. The aim of the present study was to investigate DPP4 expression in the taste buds of the circumvallate papillae (CV) in T2DM rats, and determine the effects of liraglutide treatment. Rats were divided into diabetic control (T2DM-C), normal control (NC), and liraglutide-treated diabetic (T2DM + LIR) groups. DPP4 localization and gene expression levels were evaluated by immunohistochemistry and quantitative reverse transcription-polymerase chain reaction (RT-qPCR), respectively. DPP4 immunoreactive cells were localized in the taste buds of the rat CV. RT-qPCR showed significantly higher expression of Dpp4 mRNA in both the taste buds and hypothalamus of T2DM-C rats compared with NC rats. However, in the T2DM + LIR group, Dpp4 expression differed between the taste buds and hypothalamus, with significantly higher and lower levels compared with the T2DM-C group, respectively. Dpp4 mRNA expression is increased in the taste buds of the CV of T2DM rats. Liraglutide simultaneously upregulated (taste buds) and downregulated (hypothalamus) Dpp4 expression in T2DM rats. Therefore, DPP4 may be closely associated with the anorexigenic signaling and weight loss induced by the treatment of liraglutide in type 2 diabetic patients.
Introduction
Dipeptidyl-peptidase-4 (DPP4) is a 110 kDa membranebinding peptidase, which was originally discovered in 1966 by Hopsu-Havu and Glenner (1966) . In particular, DPP4, also known as CD26 (Kameoka et al. 1993) , is a cell-surface aminopeptidase with serine protease activity, belonging to the S9B family of serine proteases (Röhrborn et al. 2015) . It is expressed on the apical surfaces of epithelial and acinar cells and in endothelial cells, fibroblasts, and lymphocytes (Dinjens et al. 1989 , Mentzel et al. 1996 ; however, DPP4 also exists as a soluble circulating form in plasma (Kikuchi et al. 1988) . DPP4 shows broad expression patterns in many organs, including the liver, biliary tract, exocrine pancreas, islet, spleen, small intestine, and brain, in both rodents and humans (Itou et al. 2013 , Liehua et al. 2014 . This widespread distribution indicates that DPP4 likely exerts pleiotropic biological activities (Hildebrandt et al. 2000) . By means of the degradation of glucagon-like peptide-1 (GLP1), DPP4 plays an important role in regulating glucose homeostasis and anorexigenic signaling (Raun et al. 2007) . Accordingly, DPP4 inhibitors are approved for the treatment of type 2 diabetes mellitus (T2DM), and recognition of the importance of this molecule with respect to basic and clinical research has increased substantially in recent years. These inhibitors, collectively known as gliptins, increase GLP1 levels and therefore prolong postprandial insulin action. Despite the wide clinical use of DPP4 inhibitors, knowledge of the regulation mechanisms of DPP4 under conditions of altered glucose and body weight, especially in T2DM, is limited. Moreover, in most studies, DPP4 enzyme activity has been assessed, with scarce reports on DPP4 expression at the protein and mRNA levels (Hildebrandt et al. 2001 , Kirino et al. 2012 , Stengel et al. 2014 .
Liraglutide shows 97% sequence identity to native GLP1 and contains an additional 16-carbon fatty acid that can inhibit DPP4 and serve as a long-acting GLP1 receptor (GLP1R) agonist. The duration of action of liraglutide is sufficient to enable once-daily administration by subcutaneous injection for the treatment of T2DM and obesity (Degn et al. 2004 , Raun et al. 2007 ; however, the exact mechanisms by which liraglutide induces weight loss and appetite suppression are not fully understood. Recently, we and other groups independently found that GLP1 and GLP1R are expressed in the taste buds of both animals and humans, that GLP1 signaling acts to modulate sweet, sour, and umami taste sensitivity (Feng et al. 2008 , Shin et al. 2008 , Martin et al. 2009 , and that there are significant differences in these parameters in diabetic and/or obese individuals (Feng et al. 2012 , Zhang et al. 2013 . Collectively, these findings indicate that GLP1 is an important peptide for the regulation of taste senses. However, little is known about the patterns and possible changes in DPP4 expression in the taste buds of the rat or human circumvallate papillae (CV) under normal and abnormal metabolic status, especially after liraglutide treatment. Furthermore, the relationship between DPP4 expression in the taste buds and hypothalamus under these conditions remains unexplored. Therefore, this study was designed to explore whether DPP4 is coexpressed with its substrate peptide GLP1 in the rat taste buds, and to evaluate the influence of liraglutide treatment on DPP4 expression in diabetic and/or obese rats.
Materials and methods

Animals
Forty-two male Wistar rats (purchased from Liaoning ChangSheng Biotechnology Co, Liaoning, China), weighing 180-200 g, 8-10 weeks old, were individually housed under controlled room temperature (22 ± 2°C) and humidity (55 ± 5%), with a 12 h light:12 h darkness cycle. Water and food were provided ad libitum. All procedures adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. After 1-week habituation, the rats were randomly divided into high-fat (n = 30, 45% carbohydrate, 15% protein, 40% fat) and normal control (NC, n = 12, 68% carbohydrate, 23% protein, 9% fat) diet groups. After 8 weeks, the rats fed a high-fat diet and received i.p. injection of 30 mg/kg streptozotocin (Sigma-Aldrich), while NC rats received a comparable injection of saline. Seventy-two hours following the treatment, 24 rats with nonfasting blood glucose levels ≥300 mg/dL (16.7 mM) were considered to be T2DM rats (Srinivasan et al. 2005) and were continued on the high-fat diet. Eight weeks later, 12 of these rats were treated once daily with liraglutide (T2DM + LIR, 0.2 mg/kg, s.c.) for 4 weeks, and the remaining 12 diabetic rats served as the diabetic control (T2DM-C) group. The dose for liraglutide (0.2 mg/kg) was selected based on its efficacy in diabetes patients (i.e. 0.6-1.8 mg) (Peterson & Pollom 2010) , and designed according to the guidelines provide by the Centre for Drug Evaluation and Research (CDER) at the Food and Drug Administration (ReaganShaw et al. 2008) . Both NC and T2DM-C rats were injected with saline once daily. Food intake was recorded twice a week and body weight (BW) and nonfasting blood glucose (BG) levels were determined weekly.
Blood assays
After 4 weeks of treatment with liraglutide, fasted rats were injected intraperitoneally with 10% chloral hydrate (0.3 mL/100 g) after overnight food deprivation. BW was measured and blood was drawn from the right ventricle. Serum samples were centrifuged and stored at −80°C until assayed. The blood samples were examined for BG analysis, which was done by a hexokinase method using the Glucose Estimation Kit (Huili Biotech, Changchun, China) (Zhang et al. 2013 ). Blood total triglyceride (TG) and cholesterol (TC) levels were measured using commercial assay kits (Huili Biotech, Changchun, China). Insulin was measured with an enzyme-linked immunoassay kit (EMD Millipore).
Immunohistochemistry
Small blocks of tissue containing the CV of the rats were quickly dissected immediately after killing. The streptavidin-peroxidase (SP) method was used for immunohistochemical staining. Excised tissues were immersed in a solution of 4% paraformaldehyde for 24 h and processed for embedding in paraffin wax. Tissue sections (7 µm thick) were cut serially, dewaxed and rehydrated, rinsed with distilled water and phosphatebuffered saline (PBS), quenched with 3% H 2 O 2 , and incubated with citrate buffer (pH 6.0) for 20 min at 100°C for antigen retrieval (Shi et al. 2002) . Then, nonspecific binding was reduced by pretreatment with 3% normal goat serum for 20 min and incubated with a rabbit polyclonal antibody against DPP4 (Abcam) at a dilution of 1:400 at 4°C overnight. The slides were then washed with PBS. The secondary goat anti-rabbit IgG antibody (Boster, Wuhan, China) was applied at room temperature followed by a PBS rinse. Then, SP was applied followed by a PBS rinse. The sections were developed by reaction in 0.05% 3,3′-diaminobenzidine tetrahydrochloride and H 2 O 2 . They were then rinsed, dehydrated through a graded series of ethanol, cleared in xylene, and cover-slipped.
The slides were observed under light microscopy (CX31; Olympus). Each slide was examined by two independent observers. Twenty immunopositive taste buds from each rat were randomly selected to count the number of DPP4-immunopositive cells. Data were analyzed quantitatively by cell counts according to the protocol described previously (Shen et al. 2005) .
Total RNA extraction and quantitative reverse transcription-polymerase chain reaction (RT-qPCR)
The CV taste buds and hypothalami were collected quickly and stored at −80°C. Total RNA was extracted using the TRIzol reagent according to the manufacturer's protocol (Roche Applied Science). After assaying the RNA concentration using a Multiskan Spectrum spectrophotometer (Thermo Fisher Scientific), RNA was reverse transcribed to cDNA with a commercial PrimeScript RT Reagent Kit (Takara Bio). The harvested materials were amplified by PCR using gene-specific primer pairs (Table 1 ) and the SYBR Green PCR Master Mix (Roche Applied Science).
The RT-qPCR amplification conditions were 95°C (10 min), followed by 40 cycles at 95°C (15 s) and 60°C (1 min). β-actin was used as an internal control to normalize the amount of input RNA. Relative mRNA expression levels were calculated by the cycle threshold (2 ΔΔ Ct) method.
Statistical analyses
Statistical analyses were performed using SPSS 17.0 software (SPSS). Results are expressed as mean ± s.e.m. Data were compared among the T2DM + LIR, T2DM-C, and NC groups with one-way analysis of variance. Data handling and graph generation were processed using GraphPad Prism (v6.0) software. A value of P < 0.05 was considered to be statistically significant.
Results
Body weight and food intake
T2DM rats obtained significant final body weight when compared with NC rats (332.8 ± 4.60 vs 301.6 ± 3.07, P < 0.001) ( Table 2) . Food intake was also greater in T2DM rats (Table 2) .
T2DM-C and T2DM + LIR rats had similar BWs and food intake before liraglutide treatment. During the treatment period, T2DM + LIR rats showed gradually reduced BW gain (Fig. 1A) and then a significant mean BW loss (332 ± 7 to 309 ± 6 g) at the end of 4 weeks. By contrast, the T2DM-C group exhibited the highest mean levels of BW gain (Fig. 1B) . Food intake was lower in the T2DM + LIR group than in the T2DM-C group, and the NC group showed the lowest food intake (Fig. 1C ).
Blood assays
T2DM-C rats had the highest levels of BG, TG, TC, and FINS (Table 3) . However, BG, TC, TG, and FINS were greater in T2DM + LIR group than in NC group (Table 3) .
Immunohistochemistry
Immunoreactivity for DPP4 was observed in the taste bud cells of the rat CV (Fig. 2) . The numbers of DPP4 immunoreactive taste bud cells in each bud of the CV in T2DM-C rats were significantly higher than those in the NC group (3.90 ± 0.15 vs 2.11 ± 0.15, P < 0.001) and were lower than those in T2DM + LIR rats (3.90 ± 0.15 vs 5.63 ± 0.27, P < 0.001) (Fig. 2) .
RT-qPCR
RT-qPCR demonstrated that Dpp4 mRNA was highly expressed in the taste buds of the rat CV. The relative expression of Dpp4 mRNA in the taste buds in the CV (3.05 ± 0.07) was significantly higher (P < 0.001) than that in the hypothalamus of NC rats (Fig. 3) . In the taste buds, the mean levels of Dpp4 and proglucagon mRNA expression in both the T2DM-C and T2DM + LIR groups were significantly higher than those in the NC group (P < 0.001), while T2DM + LIR rats showed significantly higher (P < 0.001) Dpp4 and proglucagon mRNA expression than the T2DM-C group (Fig. 4) .
Glp1r mRNA expression was not significantly different among the three groups (P > 0.05) (Fig. 4) .
In the hypothalamus, the mean expression levels of Dpp4 and proglucagon mRNA in the T2DM-C group were significantly increased than those in both the NC group and T2DM + LIR group (P < 0.001), whereas Dpp4 expression was decreased and proglucagon was increased in the T2DM + LIR group compared with the NC group (P < 0.001) (Fig. 5) . Compared with NC and T2DM-C groups, the mRNA expression of Glp1r in T2DM + LIR group was significantly increased (P < 0.001), whereas NC and T2DM-C rats expressed similar levels of Glp1r (P > 0.05) (Fig. 5 ).
Discussion
Recently, growing evidence has indicated that liraglutide, a classical GLP1 analog, is effective in controlling glucose homeostasis, and reducing body weight and appetite (Cummings et al. 2010 , Anna et al. 2014 . However, administration of DPP4 inhibitors, which prolong the longevity of native GLP1, results in only negligible weight loss (Raun et al. 2007 , Niswender et al. 2013 . Thus, the mechanism by which long-acting GLP1R agonists regulate weight loss and induce anorectic effects remains unknown. It is reasonable to suppose that as a substrate enzyme, DPP4 should be coexpressed and interact with GLP1 in the taste buds of the rat CV. We hypothesized that both GLP1 and DPP4 may determine taste sense and energy balance, especially in the context of type 2 diabetic status with or without GLP1R agonist treatment. In the present study, we showed that: (1) Table 2 Mean body weight, food intake of NC, and T2DM rats.
Initial body weight (g)
Final body weight (g) Body weight gain (g) Food intake (g/day)
NC (n = 12) 189.7 ± 1.75 301.6 ± 3.07 111.9 ± 3.43 20.11 ± 0.36 T2DM (n = 24) 189.5 ± 1.09** 332.8 ± 4.60** 143.3 ± 4.77** 29.78 ± 0.54** **Compared with NC group, P < 0.001. NC, normal control rats; T2DM, diabetic rats.
Figure 1
Body weight gain and food intake in NC, T2DM-C and T2DM + LIR rats. (A) Body weight gain of every week during treatment time. (B) Total body weight gain after treatment. (C) Mean daily food intake during treatment time. *Compared with NC group, P < 0.05, **compared with NC group, P < 0.001, ## compared with T2DM-C group, P < 0.001, && compared with NC group, P < 0.001. NC, normal control rats; T2DM-C, diabetic control rats; T2DM + LIR, diabetic rats treated with liraglutide. Research x cao and others Liraglutide alters DPP4 in diabetic rats
DPP4 is expressed in the taste bud cells of the rat CV, (2) DPP4 expression is higher in the CV and hypothalamus of T2DM-C rats, and (3) liraglutide treatment could elevate DPP4 expression in the CV but reduce it in the hypothalamus. However, previous studies evaluating the expression of DPP4 in the taste buds have revealed conflicting results. Shin and coworkers (Shin et al. 2008) showed that little or no DPP4 was expressed in the taste Table 3 Changes in blood chemistry parametes in the three groups of rats. buds of the rat CV, whereas Dubový (1988) suggested that DPP4 is expressed in the taste buds and nerve structures of the cat fungiform papillae. The precise factors contributing to these remarkably different conclusions are still unclear; therefore, further exploration of this issue is warranted. Our experiments were carried out in triplicate and each were replicated at least twice, indicating that the conclusions are likely robust. These findings provide new insight into the functions of DPP4 within the gustatory system, and suggest that GLP1, GLP1R, and DPP4 as well as their localized interaction may all take part in the GLP1 signaling pathway to modulate taste sensitivity. Taste impairment is one of the common complications of T2DM (Ziółkowska 2006) ; however, the exact pathogenesis of this symptom is unclear. In this study, we found that DPP4 expression was elevated in both the CV and hypothalamus in the T2DM-C rats. This result is in line with most previous studies (Mao et al. 2009 , Lee et al. 2013 , indicating that DPP4 may be closely associated with the anorexigenic signaling and weight loss induced by the treatment of GLP1R agonists in type 2 diabetic patients.
Interestingly, in this study, we observed the same trend in the expression levels of DPP4 and proglucagon (GLP1 precursor) in both CV and hypothalamus of T2DM-C rats. GLP1 are target to DPP4 resulting in cleavage and inactivation, therefore we postulate that the changes in DPP4 level in diabetic rats may be an indirect compensation of the changes of GLP1 level in the CV and hypothalamus. Moreover, as a serine protease, DPP4 cleaves numerous substrates except GLP1, including GLP2, GIP, neuropeptide Y, peptide YY, pancreatic polypeptide (PP), ghrelin, and various paracrine chemokines, which further amplifies its complexity of action (Mentlein 1999) . DPP4 and GLP1 are also important regulatory peptides in energy regulation, and different metabolic states affect their expression levels. A previous study also showed that obese patients had higher DPP4 protein levels compared with normal weight and anorexics resulting in a positive correlation with BMI. While no differences across groups were observed for GLP1, a negative association was observed between PP and DPP4 protein concentration. This finding might give rise to a role for DPP4 in the enhanced degradation of PP resulting in decreased PP levels and consequently decreased food intake-inhibitory signaling under conditions of obesity, which might play a role in the pathogenesis of obesity and/or the perpetuation of the disease (Stengel et al. 2014) . Therefore, the observed changes in the expression levels of DPP4 and proglucagon in the CV and hypothalamus indicate that metabolic homeostasis of whole body is a complex mechanism network, which require further investigation.
Shin and coworkers found that GLP1 and GLP1R are expressed in rat taste buds, and Glp1r-knockout mice showed dramatically reduced taste responses to sweeteners in behavioral assays, which indicated that Glp1 signaling normally acts to maintain or enhance sweet taste sensitivity (Shin et al. 2008) . We observed upregulation of proglucagon in CV of T2DM-C rats. This result is in line with most previous studies. Zhang and coworkers observed that proglucagon was increased in circumvallate taste buds of high-fat-diet-induced obese rats (Zhang et al. 2013 ). Feng and coworkers found that the number of GLP1-positive cells in diabetic rat's von Ebner's gland was significantly higher than those in normal controls (Feng et al. 2012) . Therefore, the increased GLP1 in CV may be an enhancement in sweet taste sensitivity, and the increased sweet taste preference may be secondary to changes in sweet taste sensitivity. Martin and coworkers demonstrated lipid-mediated release of GLP1 in mouse taste buds from the circumvallate papilla (Martin et al. 2012) ; therefore, we suspect that high-fat feeding may lead to upregulation of proglucagon.
In the present study, we observed a decreased BW gain, food intake, and BG level in the T2DM + LIR rats. However, the finding of increased and decreased DPP4 expression in the CV and hypothalamus, respectively, after liraglutide treatment may reflect different mechanisms of action. This reverse response to the same stimulation may implicate a major role of paracrine processes, and could be associated with reflex actions between peripheral sensors and the central nervous system related to food intake and anorexia. Although the mechanism is likely complex and remains unclear, the final effects of the local changes in DPP4 expression secondary to liraglutide treatment are undoubtedly beneficial not only with respect to appetite suppression but also for maintaining energy balance; indeed, there is substantial clinical evidences to support this idea. GLP1 and GLP1R are expressed in the taste buds of all mammals, indicating a paracrine rather than endocrine mechanism of action, and local GLP1 signaling normally acts to maintain or enhance sweet taste sensitivity, thus providing a peripheral mechanism for the reduction of ingestive behaviors and appetite in the context of an animal's metabolic state (Shin et al. 2008) . Therefore, the increased expression of DPP4 and proglucagon in the CV of T2DM rats after liraglutide treatment may reflect its role in satiety, weight loss, and glucose lowering, with a mechanism that likely involves interaction among paracrine, peripheral sensors, and the central nervous system. A previous study showed that the DPP4 activity levels in the hypothalamus decreased in monosodium glutamate-induced obese and fooddeprived animals compared with the controls (Alponti et al. 2011) , indicating that DPP4 may participate in the energy balance in the hypothalamus. Furthermore, GLP1R on POMC/CART-expressing ARC neurons in mice was suggested to be the primary factor mediating liraglutide-induced weight loss (Anna et al. 2014) . In our study, we found that GLP1R level is evaluated in the hypothalamus of diabetic rats with liraglutide. Based on the present results, we suspect that liraglutide treatmentinduced changes in the DPP4 and GLP1R level in the hypothalamus may be involved in its beneficial effects for the control of food intake and energy balance.
In addition to functioning in the inactivation of peptides, DPP4 can also interact with adenosine deaminase on the surface of T cells and is thus involved in T cell activation. Considering the importance of immunity and inflammation for the development of T2DM and its complications such as taste impairment, DPP4 expression changes appear to be associated with the complex network of the pathogenesis of T2DM. However, the effective nature of DPP4 changes may vary, depending on the local or general conditions, paracrine or endocrine activity, and interactions between hormones, among other factors.
In summary, we have demonstrated that DPP4 is expressed in the taste buds of the CV, which implicates its role in the gustatory systems. Furthermore, the observed changes in the expression levels of DPP4 in the CV and hypothalamus of T2DM rats after liraglutide treatment indicate that it might play a major role in the mechanism by which liraglutide helps to regulate appetite and energy homeostasis in patients. However, the present study could not provide a definitive mechanism of how liraglutide treatment improves the taste sensitivity or metabolic homeostasis of whole body, which require further investigation. Nevertheless, these findings are beneficial to enhance understanding of the effects and interactions of GLP1 and DPP4, as well as the relationship between peripheral sensors and the central nervous system on the regulation of taste sensitivity, feeding, and energy balance.
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